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Corn is widely used as animal feed as well as for fuel ethanol production. Fiber
present in corn is not digested well by non-ruminants such as chicken and swine. Also, 
this fiber does not participate in conversion of starch to ethanol. Fiber separation from
corn flour using the Elusieve process, a combination of sieving and air classification, 
would result in high starch animal feed and increase ethanol productivity. 
The objective of the first part of this dissertation was to understand the effect of 
retention screen size in the hammer mill on fiber separation from corn flour using the 
Elusieve process. Four different retention screen opening sizes were studied. The highest 
starch content of 65.2% was in the enhanced flour obtained by using 3.2 mm (8/64") 
retention screen; starch content of the original corn flour was 62.5%.  
The objective of the second part was to evaluate Elusieve process for sorghum 
flour. The combination of hammer milling and Elusieve process was less effective for
sorghum flour compared to corn flour. 
The objectives of the third part were to determine the operating air velocities for





   
  
 
   
  
   
    
   
 
dried grains with soluble (DDGS) particles. The operating air velocities for large, 
medium and small corn size fractions were 2.9 to 3.8, 2.8 to 3.0 and 2.5 to 2.6 m/s, 
respectively. Densities of nonfiber particles for corn flour were higher than for DDGS 
(earlier study). Compared to DDGS, the difference between fiber and nonfiber particle
terminal velocities was higher for corn, signifying relative ease of operability for fiber 
separation from corn flour.
The objective of the fourth part was to study the effect of corn moisture content
on fiber separation. There was no effect of moisture content on fiber separation. 
The objective of the fifth part was to assess the economics of the Elusieve
process. For ethanol plant of 50 million gallons/year capacity (50 MGY), payback period 
would be 3.1 years. The payback period for implementing Elusieve process in an 
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CHAPTER I
EFFECT OF HAMMER MILL RETENTION SCREEN SIZE ON FIBER 
SEPARATION FROM CORN FLOUR USING THE 
ELUSIEVE PROCESS
Introduction
Corn is widely used as animal feed as well as for fuel ethanol production. Fiber
present in corn is not digested well by non-ruminants such as poultry and swine. Also, 
this fiber does not convert to ethanol in the dry grind corn process. Srinivasan and Singh
(2008a) showed that the Elusieve process, a combination of sieving and elutriation (air 
classification), can be used to separate fiber from ground corn flour.  Fiber separation 
from corn flour by hammer milling followed by Elusieve processing would result in high 
starch animal feed, and when used for production of fuel ethanol, enhanced corn flour
(“En flour”) would result in increased ethanol productivity (Srinivasan and Singh, 
2008a).  The Elusieve process can be integrated into existing feed mills and ethanol 
plants.
Elusieve process was originally developed to separate fiber from distillers dried 
grains with solubles (DDGS) (Srinivasan et al. 2005).  The Elusieve process was 
subsequently found to be effective for separation of fiber from corn flour to produce two 
valuable products: 1. En flour with lower fiber and higher starch, and 2. fiber (Srinivasan 










     





   
by hammer milling is sieved into four different size fractions and fiber is separated from 
the three largest size fractions by air classification (Srinivasan et al. 2005; Srinivasan and 
Singh, 2008b). The smallest size fraction from corn flour, which comprises 25 to 40 
weight % of the original corn flour, is not subjected to air classification because the size
fraction contains lower fiber (NDF; neutral detergent fiber), and  higher starch contents.  
Fiber separated from corn flour would be a valuable co-product that can be used
to produce additional “cellulosic” ethanol (Dien et al. 1997). Fiber can also be used as 
combustion fuel, cattle feed, and as feedstock for producing valuable products such as 
corn fiber gum, oligosaccharides, phytosterols, and polyols (Doner et al. 1998, Crittenden 
and Playne, 1996; Moreau et al. 1996; Buhner and Agblevor, 2004).
Economics analysis for implementation of the Elusieve process to separate fiber 
from DDGS in a 2,030 metric tonnes/day (80,000 bu/day) corn-to-ethanol plant estimated 
that capital investment required would be $1.4 million based on $0.43 million as 
equipment cost, revenue would be $1.4 million/yr, operating cost would be $100,000/yr 
and the payback period would be 1.1 yr (Srinivasan et al. 2006).  Capital investment 
required was low because of the use of simple and conventional equipment, sifters and 
aspirators.  Fiber separation from corn flour in ethanol plants has the benefit of increased 
ethanol yield in addition to the increased nutritional value of resulting DDGS containing
low fiber and high protein.  Similarly, Elusieve processing in a nonruminant feed mill is 
also expected to yield high returns because of low capital investment needs and the 
nutritional benefits of separating fiber from all three major nonruminant dietary
ingredients; corn flour, DDGS and soybean meal.  Preliminary results from poultry




   
   
 
    
   
 
   
 
  










body weight gain by 4.3% compared to diets with regular corn flour and feed conversion 
ratio was improved (Srinivasan and Corzo, 2011). Feeding trials on growing and 
finishing pigs showed that enhanced DDGS had higher energy content by 7% compared 
to regular DDGS (Soares 2009).  Further detailed feeding trials on swine and poultry are
currently underway to quantify the combined effect of separating fiber from all three
major dietary ingredients.
Hammer milling is widely used in industry for milling corn (Singh et al. 1999). In 
a hammer mill, corn is fed into the grinding chamber where hardened steel hammers 
rotating at high speed crush the corn kernels.  Retention screens in the outlet retain 
particles until they are broken down to a size when they can exit through the screen.  
Retention screen size would influence fiber separation from corn flour.  
Srinivasan and Singh (2008b) found that fiber in DDGS size fractions was preferentially
carried by air at low velocities, despite higher density, because fiber particles are flat 
shaped and have lower terminal velocities, while nonfiber particles are nearly spherical 
and have higher terminal velocities.  When a very small retention screen size is used for
corn hammer milling, Elusieve processing of corn flour may not result in good fiber 
separation because fiber particles would behave like spheres at small size because of high 
aspect ratio.  When a very large retention screen size is used, Elusieve processing may
not result in good fiber separation because insufficient breakage may cause fiber and non-
fiber to be bound together; they might not exist as individual physical entities.  The
objective of this study was to determine the effect of different hammer mill retention 
screen size on fiber separation from corn flour using the Elusieve process and determine




   
  
 
   
 
 
    
     










   
 
Materials and methods
Hammer milling of corn kernels
An air-assisted hammer mill (Model E-1906, Bliss Industries, OK) was used to 
mill yellow dent corn procured in 50 lb bags from a local farmers’ co-operative store
(Starkville, MS). A hopper with slide-gate was mounted on the hammer-mill inlet.  
Slide-gate was opened approximately twice every minute to gravity-feed the corn kernels 
into the crushing chamber.  The milling gets accomplished when corn is crushed by
hammers rotating inside the chamber. When particles are small enough to pass through 
the retention screen, they exit the hammer mill.  Pneumatic suction, at the hammer mill
outlet, by a fan mounted on a cyclone facilitates the discharge of milled material.  The
typical particle size for corn flour available in the commercial feed market corresponds to 
corn flour that is obtained using 6/64" (2.4 mm) retainer screen size in hammer mills of 
the type used in this study.  Hence, in this study, we used two retainer screens that were 
smaller and two retainer screens that were larger than 6/64" (2.4 mm) screen size.  Thus, 
four different retention screen sizes were used to hammer mill corn; screen size 1.4 mm
(3.5/64"; “retention screen 3.5”), 2.0 mm (5/64"; “retention screen 5”), 2.8 mm (7/64"; 
“retention screen 7”) and 3.2 mm (8/64", “retention screen 8”). 
Sieving and air classification
Sieving and air classification were individually performed on three batches (30 kg
each) for material milled using each of the retention screens 3.5, 5, 7 and 8 (Figure 1). 
Corn flour from retention screens 3.5, 5 and 7 were sieved into four size fractions named 
as large, medium, small and pan. The corn flour obtained from retention screen 8, was 




   
    
  
pan. The corn flour from retention screen 8 was coarser, with a wider size range, 
compared to corn flour from other retention screens; hence, material from retention 
screen 8 was sieved into five size fractions.  For corn flour from each of the retention 
screens, pan size fraction was not air classified; only large, medium, small and fines (only











    
Figure 1 Experimental design for hammer milling and Elusieve processing of corn; 
L- lighter fraction; H- heavier fraction.
To select suitable sieve sizes, a 100 g sample of corn flour was sieved through a
vibratory table top sieve shaker (Model Meinzer II, CSC Scientific Company, Fairfax, 
VA) for 30 min, which sieved the material into 10 different size fractions. These fractions 






   
    
   
     










   
 
sample into four or five samples of approximately equal weights from large to pan size. 
Each batch of material was sieved using vibratory sifter (model ZS30-S6666, SWECO 
Vibro-Energy Separator, Florence, KY) using three or four screens, one screen at a time. 
For example, for material milled using retention screen 3.5, screens 20M (864 µm), 24M 
(704 µm) and 35M (447 µm) were considered suitable based on sample that was run 
through table-top sifter. The material was first sieved through 24M (704 µm) into 
oversize and undersize fractions. The oversize fraction was further sieved through 20M
(864 µm) that split the material into large and medium fractions, while the undersize
fraction was sieved through 35M (447 µm), resulting in small and pan fractions. 
Similar procedure of sieving was used for material hammer milled using retention 
screens 5 and 7.  Material hammer milled using retention screens 5 and 7 were sieved 
using 18M (980 µm), 24M (704 µm), 35M (447 µm); and 14M (1295 µm),  20M (864 
µm), 30M (516 µm), respectively. The corn hammer milled using retention screen 8 was 
sieved using 12M (1532 µm), 16M (1130 µm), 24M (704 µm) and 35M (447 µm).
The large, medium, small and fines (only in the case of corn flour from retention 
screen 8) size fractions were subjected to air classification, while pan size fraction was 
not air classified because it contains low fiber. Air classification was carried out using a
commercial multi-aspirator (Model VJ8X6, Kice, Wichita, KS). In an aspirator, air is 
sucked through the inlet section by a blower and the air carries the lighter fraction in the
inlet material (Srinivasan and Columbus, 2009).  The air flow rate is adjusted for desired 
lighter fraction yield by means of a butterfly valve in the air duct.  The air and the lighter 
fraction flow into a cyclone, where the lighter fraction settles down at the bottom of the
























fraction is not carried by air and hence flows straight through the inlet section.  To ensure
completeness, three passes were made in the aspirator; heavier fraction was re-fed into 
the aspirator twice. 
Fiber product from 4% lighter fraction yields would be a mix of the lighter
fractions at 4% yield from large, medium, small and fines (only in the case of corn flour
from retention screen 8) size fractions.  En flour product from 4% lighter fraction yields 
would be a mix of the pan size and heavier fractions remaining after aspiration of 4%
lighter fraction yields from large, medium, small and fines (only in the case of corn flour
from retention screen 8) size fractions.  The products from 8% yield of lighter fraction 
will comprise similar constituents as those of 4% yield products.
In summary, each batch of corn flour was sieved and material in size fractions 
were split into two halves for air-classification at two different lighter fraction yields: 4% 
and 8%. Samples were collected from each fraction for compositional analyses.  For
Elusieve processing of corn flour from each of the retention screens 3.5, 5 and 7, samples 
were collected from original flour, large size, medium size, small size, pan size, lighter
and heavier fractions at 4% as well as 8% lighter fraction yield from aspiration of large, 
small and medium sizes; totaling to 17 samples per batch and thus, 51 samples were
collected per retention screen,  For retention screen 8, total number of samples collected 
was 66 because of the additional samples from the fines size and lighter and heavier
fractions at 4% as well as 8% lighter fraction yield from aspiration of the fines size.
Sample analyses
Compositions of fractions were obtained by collecting three samples from each of 





    
   






   






prior to analysis to avoid particle segregation. Analyses of samples were carried out at a 
commercial laboratory (Midwest Labs, Omaha, NE).  Neutral detergent fiber (NDF)
content was determined using the procedure of Van Soest et al. (1991). Samples were
analyzed for total nitrogen (AOAC 2003, Method 990.03).  Crude protein content was 
calculated as total N × 6.25. Samples were also analyzed for crude fat (AOAC 2003, 
Method 920.39) and ash (AOAC 2003, Method 942.05).  Starch content was determined 
using the glucoamylase procedure (AACC International 2000, Method 77-11). Moisture
content was determined using the two-stage convection oven method (AACC
International 2000, Method 44-18).  Compositional results for fractions are reported and 
discussed in dry basis, while compositional results for the products are reported and 
discussed in wet basis.
Statistical analyses
Analysis of variance (ANOVA) and Tukey’s test (SAS Institute, Cary, NC) were
used to compare means of compositions of samples from three replicates. Statistical 
significance level was 5% (p < 0.05).
Results and discussion
Elusieve Fractions
Lighter fractions resulting from air classification had higher fiber (NDF) content 
than corresponding heavier fractions (Tables 1, 2, 3 and 4). Heavier fractions had higher 
starch content than corresponding lighter fractions. The smallest size fraction, pan size, 




   
 
   
 
       
    
 
   
       
         
         
         
         
       
          
         
         
        
       
        
        
        
        
       
    
  
   
  
starch contents than the original corn flour. Similar trends were observed for Elusieve
processing of DDGS (Srinivasan et al. 2005).
Table 1 Compositions (%db) and wt/yield% of fractions from Elusieve processing of
corn flour produced using retention screen 3.5 (1.4 mm; 3.5/64") in hammer 
mill.







































































































Values are means of three replicates; NDF – neutral detergent fiber; L – lighter fraction; 
H – heavier fraction; COVs for starch, NDF and protein were < 15%; COVs for fat and 




   
 
       
       
       
         
         
         
         
       
         
     
 
    
         
        
       
        
        
    
 
    
    
 
    
       
    
   
   
  
Table 2 Compositions (%db) and wt/yield% of fractions from Elusieve processing of
corn flour produced using retention screen 5 (2.0 mm; 5/64") in hammer 
mill.















































































































Values are means of three replicates; NDF – neutral detergent fiber; L – lighter fraction; 
H – heavier fraction; COVs for starch, NDF and protein were < 15%; COVs for fat and 




   
 
       
       
       
         
        
         
        
       
          
         
          
        
       
         
        
         
        
       
    
  
   
  
Table 3 Compositions (%db) and wt/yield% of fractions from Elusieve processing of
corn flour produced using retention screen 7 (2.8 mm; 7/64") in hammer 
mill.
Material wt/yield% NDF Starch Protein Fat Ash
1Original Flour 100 7.8e 72.6a bcde8.0 3.8 1.3
Large 32.0 7.2e 73.5a abcd8.3 4.4 1.4
Large – L (4%L) 4.0 b64.7 b20.8 ef7.1 3.2 1.4
Large – H (4%L) 96.0 3.3e 76.8a ab8.5 4.2 1.4
Large – L (8%L) 8.1 39.6e b43.4 ab8.7 5.2 1.7
Large – H (8%L) 91.9 3.4e 77.0a abcd8.4 4.4 1.4
Medium 23.3 9.3e 71.2a 8.9a 4.4 1.2
Medium – L (4%L) 4.1 80.3a b11.1 5.0g 1.6 0.6
Medium – H (4%L) 95.9 6.0e 74.4a 8.9a 4.3 1.3
Medium – L (8%L) 8.3 ab71.0 b18.0 fg6.1 2.1 1.0
Medium –H (8%L) 91.7 5.6e 74.8a 9.0a 4.5 1.4
Small 15.0 9.8e 72.2a abc8.4 4.0 1.3
Small – L (4%L) 4.1 50.4c b33.5 cde7.3 3.6 1.2
Small – H (4%L) 95.9 8.1e 73.1a abc8.4 4.0 1.1
Small – L (8%L) 8.4 cd44.5 b37.1 abcde7.9 3.9 1.3
Small – H (8%L) 91.6 5.8e 73.9a abc8.4 4.0 1.2
Pan 29.7 7.6e 75.3a de7.3 4.2 1.3
Values are means of three replicates; NDF – neutral detergent fiber; L – lighter fraction; 
H – heavier fraction; COVs for starch, NDF and protein were < 15%; COVs for fat and 




    
 
       
       
       
         
        
         
        
       
          
         
          
        
       
         
        
         
        
        
          
         
          
         
       
    
  
   
 
 
   
     
      
 
 
Table 4 Compositions (%db) and wt/yield% of fractions from Elusieve processing of
corn flour produced using retention screen 8 (3.2 mm; 8/64") in hammer 
mill.
Material wt/yield% NDF Starch Protein Fat Ash
1Original Flour 100 d7.8 72.6a abc8.0 3.8 1.3
Large 29.9 d6.1 d73.1 8.2g 4.1 1.4
Large – L (4%L) 4.0 b65.8 cd17.1 cde6.6 1.9 1.2
Large – H (4%L) 96.0 d3.3 74.7a abc8.4 4.2 1.4
Large – L (8%L) 7.9 35.8c b43.1 ab8.8 4.9 2.1
Large – H (8%L) 92.2 d3.9 76.4a abc8.1 3.9 1.3
Medium 19.6 d10.8 d69.0 8.7g 4.5 1.5
Medium – L (4%L) 4.0 79.4a de10.6 f4.7 0.9 0.7
Medium – H (4%L) 96.0 d5.9 72.8a ab8.8 4.6 1.5
Medium – L (8%L) 8.3 ab77.6 de11.7 ef5.0 1.0 0.8
Medium –H (8%L) 91.7 d6.8 72.7a 9.1a 4.9 1.7
Small 17.6 d13.4 d68.4 8.7g 3.9 1.2
Small – L (4%L) 4.4 b66.1 cd20.6 def5.7 1.7 0.9
Small – H (4%L) 95.6 d11.4 70.2a 8.7g 4.2 1.2
Small – L (8%L) 8.3 ab68.0 26.2c def5.7 1.7 0.9
Small – H (8%L) 91.7 d8.0 72.7a 9.0a 3.9 1.3
Fines 9.6 d14.6 68.5a 8.3 3.2 1.2
Fines – L (4%L) 4.0 39.1c b41.0 8.2 3.2 2.1
Fines – H (4%L) 96.0 d8.3 73.4a 8.3 2.9 1.5
Fines – L (8%L) 8.1 32.3c b47.4 8.7 3.6 1.7
Fines – H (8%L) 91.9 d7.8 74.2a 8.3 3.4 1.2
Pan 23.3 d5.2 79.1a bcd6.9 2.6 1.2
Values are means of three replicates; NDF – neutral detergent fiber; L – lighter fraction; 
H – heavier fraction; COVs for starch, NDF and protein were < 15%; COVs for fat and 
ash were < 25%. 1 – Mean of 12 samples.
Within the same size fraction of corn flour from any specific hammer mill
retention screen, NDF of lighter fraction was higher and starch content was lower or
similar at 4% yield than at 8% yield (Tables 1, 3, 5 and 7). This indicates better fiber 
purity at 4% lighter fraction yields. For example; for material from retention screen 3.5
for large fraction, at lighter fraction yield of 4%, NDF was 77.1%, while it was 65.9% at 
8% yield (Table 1). Similar trends were observed for Elusieve processing of DDGS also 
(Srinivasan et al. 2005).  Better fiber purity at lower lighter fraction yields can be








   
 






   
 
observed for DDGS (Srinivasan and Singh, 2008b).  Srinivasan and Singh (2008b)
observed that fiber was preferentially carried by air at low velocities because fiber
particles are flat shaped and have lower terminal velocities, while nonfiber particles are
nearly spherical and have higher terminal velocities.
As retention screen size decreased, the NDF of lighter fraction decreased and the 
starch content increased for small size fractions (Figures 2, 3, 4 and 5).  This was because 
the particle size for small size fraction was lower for finer retention screen material 
compared to coarser retention screen material.  For example, for material from retention
screen 3.5, the particle size of small size fraction was 447 to 704 µm, while the particle
size of small size fraction was 704 to 1,130 µm for material from retention screen 8. The
trend of decreasing NDF content of lighter fraction as particle size decreased was 
observed for DDGS also (Srinivasan and Singh, 2008b).  Fiber particles had higher 













Figure 2 NDF% in lighter fraction (dry basis) for different size fractions at 4% 
lighter fraction yield.













Figure 4 Starch% in lighter fraction (dry basis) for different size fractions at 4% 
lighter fraction yield.
Figure 5 Starch% in lighter fraction (dry basis) for different size fractions at 8% 


















The trend of decrease in NDF of lighter fraction as retention screen size decreased 
was not observed for the medium and large size fractions.  This is perhaps because 
particle size for medium and large size fractions was not low enough for fiber particles to 
behave like spheres.
On the contrary, NDF of lighter fraction from large size fraction increased and 
starch content decreased as retention screen size decreased (Figures 2, 3, 4 and 5).  This 
is perhaps because fiber particles are not getting fully dissociated from nonfiber particles 
when retention screens are coarse, due to insufficient breakage.
Protein and fat content of lighter fractions were lower or same than corresponding
heavier fractions (Tables 1, 3, 5 and 7). There was no trend observed for ash contents.
Elusieve products
The compositions of products, fiber and En flour, were calculated from individual 
fractions that would constitute the product (Tables 2, 4, 6 and 8).  For example, En flour 
product from 4% lighter fraction yields would constitute the pan size fraction and heavier 
fractions from air classification (at 4% lighter fraction yields) of the large, medium, small 




   
 
 
        
        
         
           
           
         
           
           
  




        
        
         
           
           
         
           
           
  
      
 
  
Table 5 Compositions (%wb) and wt% of products from Elusieve processing of corn
flour produced using retention screen 3.5 (1.4 mm; 3.5/64"), in hammer 
mill.
Product wt% NDF Starch Protein Fat Ash Moisture
1Original Flour 100 6.7 62.5 6.9 3.3 1.1 13.8
Fiber (4%L) 2.7 46.4 28.8 5.9 2.5 0.8 13.8
2En Flour (4%L) 97.3 5.1 65.3 (2.8) 6.9 3.3 0.9 13.9
3En Flour (4%L) 97.3 5.6 63.4 (0.9) 6.9 3.3 1.1 13.8
Fiber (8%L) 5.5 39.6 34.2 6.3 2.9 0.7 13.7
2En Flour (8%L) 94.5 4.9 66.1 (3.6) 6.9 3.3 0.9 13.8
3En Flour (8%L) 94.5 4.8 64.1 (1.6) 6.9 3.3 1.1 13.8
Values in parentheses for starch are the increase compared to original corn flour; L –
1 2 3lighter fraction. - Mean of 12 samples. – calculated based on constituent fractions. -
calculated based on material balance by subtracting the fiber product from the original 
corn flour.
Table 6 Compositions (%wb) and wt% of products from Elusieve processing of corn
flour produced using retention screen 5 (2.0 mm; 5/64") in hammer mill.
Product wt% NDF Starch Protein Fat Ash Moisture
1Original Flour 100 6.7 62.5 6.9 3.3 1.1 13.8
Fiber (4%L) 3.0 51.4 25.7 5.8 2.4 1.0 12.5
2En Flour (4%L) 97.0 4.0 66.4 (3.9) 7.0 3.4 0.9 13.7
3En Flour (4%L) 97.0 5.3 63.6 (1.1) 6.9 3.3 1.1 13.9
Fiber (8%L) 6.2 43.4 31.5 6.5 3.1 1.1 12.6
2En Flour (8%L) 93.8 3.7 66.3 (3.8) 7.0 3.5 1.0 13.7
3En Flour (8%L) 93.8 4.3 64.5 (2.0) 6.9 3.3 1.1 13.9
Values in parentheses for starch are the increase compared to original corn flour; L –
1 2 3lighter fraction. - Mean of 12 samples. – calculated based on constituent fractions.  -







        
        
         
           
           
         
           
           
  





        
        
         
          
           
         
          
           
  






Table 7 Compositions (%wb) and wt% of products from Elusieve processing of corn
flour produced using retention screen 7 (2.8 mm; 7/64") in hammer mill.
Product wt% NDF Starch Protein Fat Ash Moisture
1Original Flour 100 6.7 62.5 6.9 3.3 1.1 13.8
Fiber (4%L) 2.8 58.9 17.9 5.7 2.4 1.0 12.0
2En Flour (4%L) 97.2 5.2 65.6 (3.1) 7.2 3.6 1.1 12.8
3En Flour (4%L) 97.2 5.2 63.8 (1.3) 6.9 3.3 1.1 13.9
Fiber (8%L) 5.8 45.0 29.5 6.7 3.4 1.2 12.1
2En Flour (8%L) 94.2 4.9 65.8 (3.3) 7.1 3.7 1.2 12.8
3En Flour (8%L) 94.2 4.3 64.5 (2.0) 6.9 3.3 1.1 13.9
Values in parentheses for starch are the increase compared to original corn flour; L –
1 2 3lighter fraction. - Mean of 12 samples. – calculated based on constituent fractions. -
calculated based on material balance by subtracting the fiber product from the original 
corn flour.
Table 8 Compositions (%wb) and wt% of products from Elusieve processing of corn
flour produced using retention screen 8 (3.2 mm; 8/64") in hammer mill.
Product wt% NDF Starch Protein Fat Ash Moisture
1Original Flour 100 6.7 62.5 6.9 3.3 1.1 13.8
Fiber (4%L) 3.1 57.6 16.9 5.3 1.6 1.0 12.5
2En Flour (4%L) 96.8 5.2 63.3 6.9 3.2 1.2 14.5
3En Flour (4%L) 96.8 5.1 64.1 (1.6) 6.9 3.4 1.1 13.9
Fiber (8%L) 6.2 43.3 22.4 5.3 2.3 1.2 11.7
2En Flour (8%L) 93.8 5.0 64.0 6.9 3.2 1.1 14.7
3En Flour (8%L) 93.8 4.3 65.2 (2.7) 7.0 3.4 1.1 14.0
Values in parentheses for starch are the increase compared to original corn flour; L –
1 2 3lighter fraction. - Mean of 12 samples. – calculated based on constituent fractions. -
calculated based on material balance by subtracting the fiber product from the original 
corn flour.
The best quality fiber product, that is the fiber with the lowest starch (16.9%), was 
that obtained from 4% lighter fraction yields from retention screen 8 (Table 8).  The least 
quality fiber product, that is the fiber with the highest starch (34.2%), was that obtained 
from 8% lighter fraction yields from retention screen 3.5 (Table 2).  The compositions of 
fiber products followed the trend of the constituent lighter fractions; NDF contents of 
lighter fractions decreased and starch contents of lighter fractions increased as yield was 













The compositions of En flour products were calculated by two methods: 1) based 
on constituent fractions and 2) based on material balance by subtracting the fiber product 
from the original corn flour.  Results for compositions of En flour products are reported 
for both methods in tables 2, 4, 6 and 8.  The compositions, especially those of main 
interest (NDF and starch), of En flour products from the two methods were different 
though the COVs for NDF and starch of individual fractions were low (less than 15%).  
Compositions of En flour products calculated from means of three samples of constituent 
heavier/pan fractions are expected to be less accurate compared to those calculated from 
means of 12 samples of original corn flour by subtraction of lighter fraction materials.  
Moreover, lighter fractions were visually observed to be more homogeneous compared to 
heavier fractions.  Hence, the compositions of En flour calculated by subtracting the fiber 
product from the original corn flour are used for further discussions.
As retention screen size increased, the difference in starch content between En 
flour and original flour increased (Tables 2, 4, 6 and 8).  For example, as retention screen 
was increased from 3.5 to 8, the difference in starch content increased from 0.9 -1.6% to 
1.6 - 2.7% (Tables 2 and 8).  Compared to the NDF content of 6.7% in original corn 
flour, the En flour had an NDF content of 4.3 to 5.6% (Tables 2, 4, 6 and 8).  
The coarsest screen, retention screen 8, resulted in En flour with highest starch 
contents (64.1 to 65.2%) (Table 8).  The reason for high starch content in product from 
coarsest screen is because of better fiber separation for larger size particles, as observed 
in the compositions of fractions also (previous section) due to difference in terminal 









   
  
    
 
 




near spherical).  As particle size decreases the separation effectiveness decreases because 
fiber particles behave like spheres due to higher aspect ratio.
It is expected that at some threshold retention screen size the fiber and non-fiber 
particles would not be separate entities and therefore, the fiber separation using the 
Elusieve process would deteriorate. This threshold retention screen size was not reached 
in this study.  Retainer screen sizes larger than 3.2 mm (8/64") were not attempted 
because it would be a major deviation from the prevalent commercial corn flour particle
size corresponding to 2.4 mm (6/64") retainer screen size.
Conclusions
As the retention screen size went from fine to coarse, the NDF of lighter fraction 
increased and the starch content decreased for small size fractions. Of the four different
retention screen sizes used to hammer mill corn, 1.4 mm (3.5/64"), 2.0 mm (5/64"), 2.8
mm (7/64") and 3.2 mm (8/64"), the best quality fiber product, that is the fiber with the 
lowest starch (16.9%), was obtained from the coarsest retention screen size 3.2 mm
(8/64"). As retention screen size increased, the difference in starch content between En 
flour and original flour increased due to better fiber separation.  As retention screen was 
increased from 1.4 mm (3.5/64") to 3.2 mm (8/64"), the difference in starch content 
between En flour and original corn flour increased from 0.9 -1.6% to 1.6 - 2.7%.  The
highest starch content of 64.1 to 65.2% was in the En flour from Elusieve processing of 
corn flour obtained by using 3.2 mm (8/64") retention screen in the hammer mill.  It is 
expected that at some threshold retention screen size, the fiber separation using the 
Elusieve process would be deteriorated. This threshold retention screen size was not
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SEPARATION OF FIBER FROM SORGHUM GRAIN USING ELUSIEVE PROCESS
Introduction
Grain sorghum (Sorghum bicolor (L) Moench) is grown primarily in semi-arid 
and dry parts of the world. Sorghum can grow in diverse climates and is heat and drought 
tolerant, which makes it an important cereal crop (Corredor et al 2006). The annual U.S. 
production of grain sorghum is about 10 million tons (US Grains Council 2011). Nearly
12% of US sorghum is used for ethanol production. Sorghum contains 55–75% starch by
kernel weight, thus making it a viable renewable resource for ethanol just like corn 
(Serna-Saldivar and Rooney 1995). The US demand for ethanol has increased in recent
years due to the need for energy independence. Grain sorghum is expected to make a
larger contribution to the nation’s fuel ethanol requirements (Wu et al 2007; Farrell et al 
2006).
Fiber present in sorghum grain does not convert to ethanol.  Wu et al (2007) 
showed that fiber and ash present in sorghum had negative effects on ethanol yields. 
Removal of germ and fiber before fermentation of sorghum allowed higher starch loading
for ethanol fermentation and resulted in higher ethanol production (Corredor et al 2006).  
Corredor et al (2006)  decorticated whole sorghum kernels using a tangential abrasive 






    














    
   
Srinivasan et al (2008) showed that the Elusieve process, a combination of sieving
and air classification, can be used to separate fiber from ground corn flour.  The
enhancement of corn flour produced by hammer milling followed by sieving and air
classification resulted in corn flour with higher starch and lower fiber content. In a recent 
study, hammer milling of corn was carried out using different sized screens to study the 
effect of milling conditions on fiber separation (Pandya et al 2011). Corn product with a
starch increase of up to 3.6% was obtained. The Elusieve process could be useful in 
removing fiber from sorghum flour also. The objective of this study was to evaluate the 
Elusieve process for fiber separation from hammer milled sorghum flour.  
Materials and methods
Hammer milling of sorghum grain
Sorghum grain was supplied by Agra Industries (Merrill, WI) at 12.8% moisture
content (wet basis).  An air-assisted hammer mill (Model E-1906, Bliss Industries, OK)
was used to mill sorghum grain.  The experiment set up for sorghum grain was similar to
that used for milling corn (Pandya et al 2011). A hopper with slide-gate was mounted on 
the hammer-mill inlet.  Slide-gate was opened approximately twice every minute to 
gravity-feed the sorghum into the milling chamber.  The milling gets accomplished when 
sorghum grain is broken by impact and shearing by hammers rotating inside the chamber.  
When particles are small enough to pass through the retainer screen, they exit the 
hammer mill.  Pneumatic suction, at the hammer mill outlet, by a fan mounted on a
cyclone facilitates the discharge of milled material.  Three different retainer screen sizes
were used to hammer mill sorghum; screen size 1.4 mm (3.5/64"; “retainer screen 3.5”), 












which was used in milling corn for previous research conducted by these authors (Pandya
et al 2011), was not included in this study, since sorghum is a small grain and large
retainer screen size might result in unbroken sorghum kernels in the flour.
Sieving and air classification
Sieving and air classification were individually performed on three batches (30 kg
each) for material milled using each of the retainer screens (Figures 1 and 2). Sorghum 
flour from retainer screens were sieved into four size fractions named as large, medium, 






    
 
Figure 6 Experimental design for hammer milling and Elusieve processing of 













Figure 7 Schematic of experimental methodology.
To select suitable sieve sizes, a 100 g sample of sorghum flour obtained from 
hammer milling was sieved through a vibratory table top sieve shaker (Model Meinzer II, 
CSC Scientific Company, Fairfax, VA) for 30 min, which sieved the material into 10 
different size fractions using sieves in the size range of 1400 µm to 300 µm . These
fractions were weighed and grouped to identify three different screens which would 
separate the flour into nearly equal weights into large, medium small and pan size
fractions. Each batch of material from large, medium and small size was sieved using
vibratory sifter (model ZS30-S6666, SWECO Vibro-Energy Separator, Florence, KY) 
using three screens, one screen at a time. For example, for material milled using retainer
screen 3.5, screens 20M (864 µm), 24M (704 µm) and 35M (447 µm) were considered 












   
 
 
sieved through 24M (704 µm) into oversize and undersize fractions. The oversize fraction 
was further sieved through 20M (864 µm) that separates the material into large and 
medium fractions, while the undersize fraction was sieved through 35M (447 µm), 
resulting in small and pan fractions. Similarly, material hammer milled using retainer 
screens 5 and 7 were sieved using 18M (980 µm), 24M (704 µm), 35M (447 µm); and 
14M (1,295 µm), 20M (864 µm), 30M (516 µm), respectively. 
The large, medium and small size fractions were subjected to air classification, 
while pan size fraction was not air classified because it contains low fiber. Air 
classification was carried out using a commercial multi-aspirator (Model VJ8X6, Kice, 
Wichita, KS). In an aspirator, air is sucked through the inlet section by a blower and the 
air carries the lighter fraction in the inlet material (Srinivasan et al 2009). The air flow 
through aspirator is controlled by a butterfly valve. The air flow velocity is set to yield 
approximately 5% of yield by trial and error, that is, 5% of lighter fraction material gets 
carried by air flow into a cyclone.  The heavier fraction does not get carried by air and 
hence flows straight down through the inlet section.  Two products, fiber product and 
enhanced sorghum flour product were prepared. Fiber product from 5% lighter fraction 
yields would be a mix of the lighter fractions at 5% yield from large, medium and small 
size fractions (Figure 1).  Enhanced sorghum flour product from 5% lighter fraction 
yields would be a mix of the pan size and heavier fractions remaining after aspiration of
5% lighter fraction yields from large, medium and small size fractions.  
In summary, each batch of sorghum flour was sieved and material in size fractions 
were subjected to air-classification at about 5% lighter fraction yield. Samples were











    
  






   
   
sorghum flour from each of the retainer screens 3.5, 5 and 7, samples were collected from 
original flour, large size, medium size, small size, pan size, lighter and heavier fractions 
at 5% lighter fraction yield from aspiration of large, small and medium sizes; totaling to 
17 samples per batch and thus, 51 samples were collected per retainer screen.
Sample analyses
Proximate compositions of fractions were obtained by collecting three samples 
from each of the classifications.  The samples were ground to a fine powder using a
coffee grinder prior to analysis to avoid particle segregation. Analyses of samples were
carried out at a commercial laboratory (Midwest Labs, Omaha, NE).  Neutral detergent 
fiber (NDF) content was determined using the procedure of Van Soest et al. (1991).
Samples were analyzed for total nitrogen (AOAC 2003, Method 990.03).  Crude protein 
content was calculated as total N × 6.25. Samples were also analyzed for crude fat 
(AOAC 2003, Method 920.39) and ash (AOAC 2003, Method 942.05).  Moisture content 
was determined using the two-stage convection oven method (AACC International 2000, 
Method 44-18).  Compositional results for fractions are reported and discussed in dry
basis, while compositional results for the products are reported and discussed in wet 
basis.
Statistical analyses
Analysis of variance (ANOVA) and Tukey’s test (SAS Institute, Cary, NC) were
used to compare means of compositions of samples from three batches. Statistical 















   
 
          
        
 
 
       
       
       
 
 
       
       
       
 
 
       
       
       
         




Lighter fractions of sorghum resulting from air classification had higher fiber 
(NDF) content than corresponding heavier fractions (Tables 1, 2 and 3). Lighter fractions 
had lower starch content than corresponding heavier fractions. The smallest size fraction, 
pan size, comprising 20 to 21.5% by weight of sorghum flour, contained lower fiber 
(NDF) and higher starch contents than the original sorghum flour.  Similar trends were
observed for Elusieve processing of corn flour (Pandya et al 2011). Higher fiber content 
of lighter fraction can be attributed to preferential carry over of fiber particles compared 
to nonfiber particles when air is blown, which was observed for DDGS (Srinivasan and 
Singh, 2008).  Srinivasan and Singh (2008) observed that fiber was preferentially carried 
by air because fiber particles are flat shaped and have lower terminal velocities, while
nonfiber particles are nearly spherical and have higher terminal velocities.
Table 9 Compositions (%db) and wt/yield% of fractions from Elusieve processing of
sorghum flour produced using retainer screen 3.5 (1.4 mm; 3.5/64") in 
hammer mill.
Size Material wt/yield%* NDF Starch Protein Fat Ash
All Original Flour 100 6.6cd 75.2ab 9.9dc 1.9 1.2
Large Whole size fraction 33.8 3.4d 80.2a 8.9cde 1.1 0.6
Lighter fraction 4.9 20.9ab 45.2c 11.1a 7.1 4.3
(> 864 µm) Heavier fraction 95.1 2.6d 79.3a 8.9de 0.7 0.5
Medium Whole size fraction 22.3 5.5cd 72.5ab 10.2abc 2.6 1.4
Lighter fraction 5.0 28.9a 40.2c 9.4bdc 5.2 2.4
(704 to 864 µm) Heavier fraction 95.0 4.3d 71.6ab 10.5ab 2.9 1.4
Small Whole size fraction 22.6 7.8cd 70.9ab 9.0cde 3.1 1.9
Lighter fraction 5.5 12.9bc 64.8b 7.8e 3.0 1.5
(447 to 704 µm) Heavier fraction 94.5 4.5d 73.5ab 9.0cde 2.7 1.5
Pan Whole size fraction 21.3 3.1d 79.5a 6.4f 1.9 0.8
Values within a column followed by the same letter are not different. * For whole size
fractions, the value represents the wt% of the original flour and for lighter/heavier




   
 
 
         
        
 
 
       
       
       
 
  
       
       
       
 
 
       
       
       
         












Table 10 Compositions (%db) and wt/yield% of fractions from Elusieve processing of
sorghum flour produced using retainer screen 5 (2.0 mm; 5/64") in hammer
mill.
Size Material wt%/yield* NDF Starch Protein Fat Ash
All Original Flour 100 6.6b 75.2ab 9.9a 1.9 1.2
Large Whole size fraction 27.3 5.1b 78.1ab 8.9a 1.4 0.6
Lighter fraction 5.2 19.5a 48.6cd 10.3a 6.7 3.7
(> 980  µm) Heavier fraction 94.8 3.5b 80.3a 8.5a 1.0 0.6
Medium Whole size fraction 23.8 5.9b 76.9ab 11.6a 1.7 0.7
Lighter fraction 5.1 22.3a 40.7d 11.1a 8.1 4.4
(704 to 980 µm) Heavier fraction 94.9 3.6b 77.3ab 9.1 a 1.6 0.8
Small Whole size fraction 27.4 8.3b 69.7b 10.2 a 3.4 1.8
Lighter fraction 5.4 16.1a 52.0c 9.4 a 6.0 3.1
(447 to 704 µm) Heavier fraction 94.6 5.8b 69.6b 9.9 a 3.6 1.9
Pan Whole size fraction 21.5 2.8b 78.1ab 6.7 a 2.4 1.2
Values within a column followed by the same letter are not different. * For whole size
fractions, the value represents the wt% of the original flour and for lighter/heavier
fractions, the value respresents yield as wt% of the size fraction.
Protein and fat content of lighter fractions were lower than or same as 
corresponding heavier fractions. There was no trend observed for ash. Similar 
observations were reported for corn flour also (Pandya et al 2011). 
For corn flour, a trend of decreasing NDF content and increasing starch content 
was observed for lighter fractions from 3.5 and 5 retainer screens as size fraction 
decreased in size. For example, for corn flour milled using screen 3.5, at 4% lighter
fraction yield, NDF of lighter fractions for large, medium and small sizes were 77.1, 62.6 
and 24.1%, respectively; starch contents were 15.3, 25.4 and 57.7%, respectively (Table 














Figure 8 NDF% in lighter fraction (dry basis) for different size fractions at 5% 
lighter fraction yield.
Figure 9 Starch% in lighter fraction (dry basis) for different size fractions at 5% 
lighter fraction yield.
The highest NDF% for lighter fraction was 28.9% for medium fraction from 







   
  
  
    
  
 
       
       
        
         






       
       
        
         




identical retention screen at 4% lighter fraction yield (Pandya et al 2011). Thus, fiber
quality for corn lighter fraction is better than fiber quality for sorghum lighter fraction in 
near similar conditions. 
Product compositions for fiber and enhanced flour were calculated from 
individual fractions that would constitute the product (Tables 5, 6 and 7).  The
composition of enhanced sorghum flour calculated by subtracting the fiber product from 
the original sorghum flour is used for further discussion.
Table 11 Compositions (%wb) and wt% of products from Elusieve processing of 
sorghum flour produced using retainer screen 3.5 (1.4 mm; 3.5/64"), in 
hammer mill. 
Product wt%/yield NDF Starch Protein Fat Ash
Original Sorghum 100 5.8 65.6 8.6 1.7 1.1
Fiber (5% L) 4.0 18.5 44.5 8.6 4.7 2.6
En Sorghum 96.0 3.1 66.9 (1.3) 7.6 1.7 0.9
En Sorghum* 96.0 5.3 66.5 8.6 1.6 1.1
Compositions for fiber separated from corn flour are from Pandya et al (2011).
Value inside parentheses denotes increase in starch content from original sorghum.
*Calculated values.
Table 12 Compositions (%wb) and wt% of products from Elusieve processing of 
sorghum flour produced using retainer screen 5 (2.0 mm; 5/64"), in hammer 
mill. 
Product wt%/yield NDF Starch Protein Fat Ash
Original Sorghum 100 5.8 65.6 8.6 1.7 1.1
Fiber (5% L) 4.1 17.0 42.2 9.1 6.1 3.3
En Sorghum 95.9 3.5 66.4 (0.8) 7.5 1.9 1.0
En Sorghum* 95.9 5.3 66.6 8.6 1.5 1.0
Compositions for fiber separated from corn flour are from Pandya et al (2011).





   
 
 
        
        
 
   
        
       
       
 
   
 
        
       
       
 
    
        
       
       
          





       
       
        
         
        
   
 
 





Table 13 Compositions (%db) and wt/yield% of fractions from Elusieve processing of
sorghum flour produced using retainer screen 7 (2.8 mm; 7/64") in hammer
mill.
Size Material wt/yield%* NDF Starch Protein Fat Ash
All Original Flour 100 6.6bc 75.2cd 9.9de 1.9 1.2
Large Whole size fraction 33.4 6.1cd 79.4ab 9.1e 1.7 0.7
Lighter fraction 5.1 26.0a 37.0g 12.3a 10.9 6.1

























Small Whole size fraction 22.4 8.7b 69.4e 10.4b 4.0 1.6
Lighter fraction 5.8 26.9a 45.8f 9.7cd 5.8 2.4
(516 to 864 µm) Heavier fraction 94.2 6.5c 72.2de 10.7b 3.5 1.9
Pan Whole size fraction 20.7 4.1d 81.9a 6.6f 1.9 1.0
Values within a column followed by the same letter are not different. *For whole size
fractions, the value represents the wt% of the original flour and for lighter/heavier
fractions, the value respresents yield as wt% of the size fraction.
Table 14 Compositions (%wb) and wt% of products from Elusieve processing of 
sorghum flour produced using retainer screen 7 (2.8 mm; 7/64"), in hammer 
mill. 
Product wt%/yield NDF Starch Protein Fat Ash
Original Sorghum 100 5.8 65.6 8.6 1.7 1.1
Fiber (5% L) 4.2 23.3 35.4 10.1 7.9 3.9
En Sorghum 95.8 4.7 66.8 (1.2) 7.7 1.9 0.9
En Sorghum* 95.8 5.0 66.9 8.5 1.4 1.0
Compositions for fiber separated from corn flour are from Pandya et al (2011).
Value inside parentheses denotes increase in starch content from original 
sorghum.*Calculated values.
For fiber product, NDF content increased and starch content decreased as hammer 
mill retention screen size was increased. The best quality fiber product, that is the fiber
with the lowest starch (35.2% wb) and highest NDF (23.3% wb), was obtained from the 
most coars retainer screen (retainer screen 7) (Table 7; Figure 5).  The least quality fiber 
product, that is the fiber with the highest starch (44.2%), was obtained from lighter








    










This trend of improved fiber quality with increase in retention screen size was observed 
for corn flour also (Pandya et al 2011). Of the four different retainer screen sizes used to 
hammer mill corn, 1.4 mm (3.5/64"), 2.0 mm (5/64"), 2.8 mm (7/64") and 3.2 mm
(8/64"), the best quality fiber product was obtained from the most coarse retainer screen 
size of 3.2 mm (8/64") at 4% LF yield; the fiber product had NDF content of 57.6% and 
starch content of 16.9% (Pandya et al 2011; Table 4).  The lower NDF and higher starch 
contents of individual lighter fractions as well as sorghum fiber products compared to 
hammer milled corn fractions and corn fiber products signify that hammer milling and 
subsequent elusieving is more effective for fiber separation in corn compared to that in  
sorghum. 
Results for compositions of enhanced flour products are reported in tables 5, 6
and 7. Similar to the trend observed for corn, quality of enhanced sorghum improved, in 
terms of higher starch and lower NDF contents, as retainer screen size was increased.  
The best quality enhanced sorghum flour product, that is, the product with highest starch 
(66.9% wb) and lowest NDF (5.0% wb), was obtained by using the coarsest retainer 
screen (screen 7) in the hammer mill (Table 5). Thus, separation was more effective, in 
terms of better quality of fiber and enhanced sorghum products, as retainer screen was 
increased.  The reason for high starch content in product from coarsest screen is because
of better fiber separation for larger size particles, as observed in the compositions of 
fractions also due to difference in terminal velocities of fiber and nonfiber arising from 
the difference in shapes (flat compared to near spherical).  As particle size decreases the 















Figure 10 Starch and NDF% in fiber product (wet basis) for different hammer mill
screen size at 5% lighter fraction yield.
The highest increase in starch content from original to enhanced sorghum was 
1.3% (retainer screen 7; Table 7).  The highest increase in starch content from original to 
enhanced corn was 3.6%, which is higher than for sorghum (Table 4).  Considering that 
the fiber separated from sorghum was inferior in quality and the increase in starch content 
in enhanced product was lower for sorghum compared to corn, it can be concluded that 
the combination of hammer milling and Elusieve processing was not as effective in 
separating fiber for sorghum.  Considering that grain sorghum is near spherical and 
regular shaped  in contrast to corn kernels, it is possible that roller milling followed by






      
 
   
 
   
      
       
      
   
 
   
       
       
      
          
      
  
      
        
        
         











   
Table 15 Comparison of material compositions (%) of current work with other studies 
on sorghum and corn.
Material Starch Fiber (NDF) Retainer
screen
Lighter fractions with
highest Fiber content 
Corn - 4% LF yield
Large fraction 15.3 db 77.1 db 3.5
Medium fraction 25.4 db 62.6 db 3.5
Small fraction 57.7 db 24.1 db 3.5
Lighter fractions with
highest Fiber content. 
Sorghum – 5% LF yield
Large fraction 45.2 db 20.9 db 3.5
Medium fraction 40.2 db 28.9 db 3.5
Small fraction 64.8 db 12.9 db 3.5
Best fiber product Sorghum (this work) 35.2 wb 23.3 wb 7
Corn 16.9 wb 57.6 wb 8
Best enhanced product
Corn 65.2 wb 4.3 wb 8
Sorghum (this work) 66.9 wb 3.1 wb 3.5
Sorghum (decortication method – 0% 73.93 1.53 wb* NA
Sorghum (decortication method – 10% 78.7 wb 0.64 wb* NA
Sorghum (decortication method – 20% 82.9 wb 0.25 wb* NA
*Crude fiber.
Corredor et al (2006), in their study of effect of decorticating sorghum grain for
ethanol production, observed that decortication increased starch content in the product. 
Decortication increased starch content in sorghum by 4.9 to 15.6%, which is higher than 
that obtained in this study (1.3% increase in starch content).  Corredor et al (2006) did not
report NDF values for the decorticated material and hence, we are not able to compare
the fiber product in their study with decorticated material.  Based on increase in starch 
content, we can conclude that decortication is more effective for fractionation of sorghum 
than the combination of hammer milling and Elusieve processing.
Conclusions
Lighter fractions of sorghum resulting from air classification had higher fiber 
(NDF) content than corresponding heavier fractions. Lighter fractions had lower starch 













improved, in terms of higher starch and lower NDF contents, as retainer screen size was 
increased.  The best quality enhanced sorghum flour product, that is, the product with 
highest starch (66.9% wb) and lowest NDF (5.0% wb), was obtained by using the 
coarsest retainer screen (screen 7) in the hammer mill.  Fiber separated from sorghum 
was inferior in quality and the increase in starch content in enhanced product was lower 
for sorghum compared to results obtained for corn in an earlier study. It was found that 
combination of hammer milling and Elusieve processing was more effective in corn 
compared to sorghum.
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OPERATING AIR VELOCITIES FOR FIBER SEPARATION FROM CORN FLOUR
USING THE ELUSIEVE PROCESS
Introduction
Corn is widely used as animal feed and for fuel ethanol production. The fiber 
present in corn does not convert to ethanol. Also, this fiber is not digested well by non-
ruminants (swine and poultry).  Fiber separation from corn flour could increase ethanol 
productivity and increase energy value as feed for non-ruminants.  Fiber can also be used 
as combustion fuel, cattle feed, and as a feedstock for producing valuable products such 
as cellulosic ethanol, corn fiber gum, oligosaccharides, phytosterols, and polyols (Dien et 
al., 1997; Crittenden and Playne 1996; Moreau et al., 1996; Buhner and Agblevor, 2004). 
Elusieve process, a combination of sieving and air classification, was found to be 
effective in separating fiber from corn flour (Srinivasan and Singh, 2008a; Pandya and 
Srinivasan, 2011).  Hammer millled corn flour is sieved into different size fractions:
large, medium, small, fines and the pan, pan being the smallest size fraction. The large, 
medium, small and fines fractions are air classified to separate fiber. The process of air 
classification takes advantage of the difference in physical properties of fiber and 
nonfiber particles such as shape, weight and density of particles. 
Air classification is carried out at air velocity higher than fiber terminal velocity















   







attained by a falling particle when the upward drag on the particle and the buoyancy force
balance the downward force of gravity (DRI, 2005).  The gravitational force on the 
particle is higher than the buoyancy force, hence the downward acceleration of the
particle. For a sphere shaped particle, the upward drag force on the particle is 
proportional to the square of the velocity of the particle in laminar flow.  As the 
downward falling particle is accelerating, the upward drag force increases. At some
velocity, the gravitational force acting downward due to weight of the particle balances 
the upward drag force and the buoyancy force. This velocity is the terminal velocity of 
the particle, at which the acceleration of the particle becomes zero and there is no change
in velocity any further. Air velocity higher than terminal velocity of fiber particles and
lower than terminal velocity of non-fiber particles results in effective fiber separation. If
air velocity is higher than the terminal velocity of nonfiber particles, it tends to carry
nonfiber particles along with the fiber particles, resulting in poor quality separation.
Srinivasan and Singh (2008b) experimentally determined the terminal velocity of 
DDGS particles. No work has determined the terminal velocities for corn flour particles, 
till now. Presently, the air velocities are adjusted by trial and error for separation of fiber
from corn flour. Experimental determination of terminal velocities for fiber and nonfiber
particles will enable precise adjustment of operating air velocities in aspirators for
effective fiber separation. In this study, terminal velocities of fiber and nonfiber particles 
in corn flour were obtained experimentally using a 6-inch elutriation column. 
Measurement of particle size and densities helps us understand the relative differences in 
physical properties that govern separation.  The objectives of this study were to determine























effective fiber separation from corn flour and to compare size, weight and densities of
corn fiber and nonfiber particles with that of DDGS particles from previous study.
Materials and methods
Elutriation column
To measure the terminal velocities of fiber and nonfiber particles, an elutriation 
column was constructed at the Pace Seed lab, Mississippi State University, similar to the 
one used by Srinivasan and Singh (2008b) (Figs. 11 and 12). It mainly consists of a 6-
inch pipe, a blower and motor assembly to generate air flow, a surge box for controlling
the air flow and a fiber collection box. To attain a fully developed flow in the pipe, the
distance from the material inlet to the top of the elutriation column (1,575 mm) was 
maintained more than six times the column internal diameter (155 mm) (ASHRAE 
Standard 41.8-1989). An 8-feet long, 6-inch diameter clear rigid Schedule 40 PVC pipe
was used. A transparent pipe provided good visibility of the fiber separation and air lift 
process taking place in the elutriation column. The blower (Dayton blower 8 15/16”, 
model 2C820, IL, USA) was powered by 0.5 hp motor (Dayton motor model# 6K482, IL, 
USA). The surge box was built out of plywood sheet and contains a vent and a sliding
cover to control the air flow through the column. An inlet is provided in the column 
through which the sieved corn flour is fed at 50 g/minute. To facilitate the collection and 
to reduce loss of lighter fraction material, a collection box  made of transparent acrylic
sheet is used. To arrest fine particles that might escape through high velocity air, the top 














   
 
   
 
  
Figure 12 Schematic of elutriation column set up.
Elusieving for separation of fiber and nonfiber
Yellow dent corn (75 kg) was procured from the local co-op (Oktibbeha County
Coop, Starkville, MS).   The corn kernels were milled using a hammer mill (Bliss 
Industries, Ponca, OK). The 3.2 mm (8/64-inch) retainer screen opening was used in 










   
 
 
Studies were conducted using three replicates by dividing each sample into three batches 
of 25 kg each (Fig. 3).  Each batch of corn flour was sieved into five size categories using
SWECO sifter (model ZS30-S6666, SWECO Vibro-Energy Separator, Florence, KY). 
Sieving with mesh 12 (1532 µm), 16 (1130 µm), 24 (704 µm) and 35 (447 µm) resulted 
in large, medium, small, fines and pan fractions with wt% of 29.7, 16.9, 17.8, 24.1 and 
11.5%, and NDF content  of 9.3, 11.0 and 10.0, 6.3 and 3.3%, respectively (Fig. 13).
The large, medium, small and fines fractions were elutriated one by one. Each 
size fraction was divided into three batches for statistical purpose. Once the blower motor 
was switched on, the sliding gate on the surge box was used to control the air flow and a
constant air velocity inside the column. An initial velocity was set for about 5% lighter
fraction yield, that is, 5% of the sample material to be collected at the top of the column 
as lighter fraction. The air velocity was measured using a calibrated hand-held hot wire
anemometer (Extech Instruments, Model 407123). The material was fed to the column at 








   





Figure 13 Schematic of sieving and sequential air classification of large size fraction. 
The medium, small and fines size fractions were also air classified in similar way. Pan 
size fraction was not subjected to air classification.
Experimental determination of terminal velocities
The experimental procedure used was similar to Srinivasan and Singh (2008b). 
The lighter fraction is the material that gets carried with the airflow and comes out at the 
top of the elutriation column, while the heavier fraction drops down  at the bottom of the
column. To obtain best quality fiber, that is the fiber with negligible amount of nonfiber, 
material for each of the four largest size categories was elutriated at about 5% lighter
fraction yield at air velocity V1. A low lighter fraction yield at V1 ensures a higher fiber 






   










particular size fraction and used to determine physical properties of fiber. “For each air 
velocity, the lighter fraction material was retained for sampling, while the heavier
fraction remaining after the first pass at velocity V1 was elutriated at an incremental 
velocity of about 10% toV1 (Fig. 13). The incremental velocity steps were about 10% or
higher, the minimum increment being large enough to allow collection of lighter fraction 
material in quantity that is sufficient for analysis. To ensure that most of the fiber
material was removed, 20 to 30% of lighter fraction was separated for each size fraction. 
The heavier fraction material left after elutriating for four to six incremental velocities 
was the one with negligible amounts of fiber, and was used to determine physical 
properties of nonfiber material for the respective size fraction.” (Srinivasan and Singh
2008b). 
Nonfiber material tends to get carried with fiber during elutriation. The amount of 
nonfiber fraction being carried in lighter fraction is dependent on terminal velocity of 
nonfiber particles. Each size fraction consists of a range of fiber and nonfiber particle
sizes with different terminal velocities. The velocity at which the NDF content in the 
lighter fraction becomes less than 50%, was the criterion set to determine the velocity at 
which the onset of nonfiber particles takes place for a size fraction.
For each size category, elutriation was done at four different air velocities for
large and fine fractions, and five different air velocities for medium and small fractions, 
resulting in lighter fraction for each velocity. The number of air velocity steps was based 
on the amount of lighter fraction material that was being air lifted. While conducting the 
experiment, if it was found that the amount of material was not enough for compositional 










   
  
   
 
  






   
material separation. The highest air velocity for a size fraction was the one at which only
a negligible amount of material was air lifted.
For each batch of a given size fraction of material, one lighter fraction sample was 
collected per velocity, while one sample of heavier fraction was collected per size. For
example, for a batch of large fraction flour, four lighter fraction samples were collected, 
each for velocities V1, V2, V3 and V4, while one heavier fraction sample was collected 
from the material retained at the end.  Thus there were a total of 5 elutriation samples per
batch for large fraction and in all a total of 22 samples for large, medium, small and fines 
fractions. The samples of original corn flour and pan size were also analyzed, making a
total of 24 samples per batch of corn flour.  A total of 72 samples were available from 
three replicates.
Determination of particle densities
Corn fiber and nonfiber particle densities were measured using a helium 
pycnometer at Quantachrome Inc’s commercial laboratory (Boynton Beach, FL). Three
replicates of each sample were analyzed. Lighter fraction yield at velocity V1 was used as 
a representative sample for fiber particles for respective size fractions. The heavier
fraction material left after elutriating for four to six incremental velocities was nonfiber 
material and was used to measure physical properties of nonfiber.
Determination of equivalent spherical diameters
Equivalent spherical diameters (dsph) need to be determined for estimating

























Accurately measured 3.000 g samples of fiber and nonfiber particles were taken.  
Mean particle mass (mp) is calculated by dividing the weight of the sample by number of
particles. The number of particles was counted manually by spreading on a sheet of 

















sph =  equivalent spherical diameter, m
= mean particle mass, kg
ρs = density of particle, kg/m3
Each size fraction of corn flour has a range of size of fiber and nonfiber particles. 
The heavier fraction material is the one retained after elutriating at four to six incremental 
velocities. Since the particles from heavier fraction were used for measuring the dsph of
nonfiber particles, they represent the largest size of nonfiber particles. In a given size
fraction, the dsph of smallest sized nonfiber was taken as proportional to the ratio of sieve
size range. For medium fraction nonfiber, the range of sieve is from 1532 to 1130 µm, 
thus the dsph of smallest nonfiber medium fraction particle is proportional to 0.74 
(1130/1532). The dsph of largest nonfiber for medium fraction was 1689 µm, thus dsph of
smallest nonfiber particle of medium fraction is 0.74 times 1235 µm, that is 914 µm. 
Similarly, for small fraction nonfiber, the range of sieve is from 1130 to 704 µm, and dsph 
of largest nonfiber particle of small fraction is 832 µm, thus dsph of smallest nonfiber of





   
 
 
   
   
 
      
 
      
 
   
 















   
Theoretical estimation of terminal velocities
The terminal velocities were theoretically determined using correlations 
developed by Becker (1959) and were compared with experimentally determined 
terminal velocities.
μ
ρud = Re f t  sphp
6
) - ( g )(d 
) (8












CI = 5.31φ−4.88(φ)2 for φ > 0.67 (nonfiber)
CI =2.25 (5.5)0.34√φ/2 * (Rep)-0.34√φ/2 for φ < 0.67 (fiber)
φ = particle sphericity
ut = terminal velocity of particle in fluid, m/s
f
 s
= density of fluid, kg/m3
= density of particle, kg/m3
g = acceleration due to gravity, = 9.81 m/s2
µ = viscosity of fluid, kg/(m.s)
dsph = equivalent spherical diameter, m
Particle sphericity (φ) is the ratio of surface area of sphere having same volume as 
the particle to the actual surface area of the particle. Fiber and nonfiber particles of corn 
were found to be similar in shape as DDGS particles. For this study, sphericity of corn 







   








   
 
and small DDGS fiber and nonfiber particles reported by Srinivasan and Singh (2008b). 
Thus, sphericity values for large, medium and small fiber and nonfiber corn particles was 
taken as  0.23, 0.2, 0.46 and 0.8, 0.8 and 0.81 respectively. The sphericity value of large
nonfiber particle for corn is taken to be the same as medium nonfiber particle (0.8), since
the same was not determined by Srinivasan and Singh (2008b). The φ values are used to 
estimate theoretical terminal velocities using correlation developed by Becker (1959).
Sample analyses
Compositions of fractions were obtained by collecting three samples from each of 
the classifications.  The samples were ground to a fine powder using a coffee grinder 
prior to analysis to avoid particle segregation. Analyses of samples were carried out at a
commercial laboratory (Midwest Labs, Omaha, NE).  Neutral detergent fiber (NDF) 
content was determined using the procedure of Van Soest et al. (1991).Samples were
analyzed for total nitrogen (AOAC 2003, Method 990.03).  Crude protein content was 
calculated as total N × 6.25.Samples were also analyzed for crude fat (AOAC 2003, 
Method 920.39) and ash (AOAC 2003, Method 942.05).  Moisture content was 
determined using the two-stage convection oven method (AACC International 2000, 
Method 44 18).  Compositional results for fractions are reported and discussed in dry










    
 
 
   
  
 




   
 
   
Results and discussion
Physical properties of fiber and nonfiber corn particles
Particle density of fiber particles was 1444 to 1458 kg/m3, while that of nonfiber 
was 1408 to 1419 kg/m3. The density of fiber particles was higher than that of nonfiber
particles. Srinivasan and Singh (2008b) also reported higher density of fiber particles 
relative to nonfiber particles for DDGS.  For the two DDGS samples studied by
Srinivasan and Singh (2008b), fiber particle density was 1405 to 1446 kg/m3 and that of
nonfiber particles was 1312 to 1333 kg/m3. Densities of fiber particles were similar for
DDGS and corn flour.  Densities of nonfiber particles for corn flour (1408 to 1419 kg/m3) 
were higher than for DDGS (1312 to 1333 kg/m3) perhaps because of higher starch 
content in nonfiber particles from corn flour.  DDGS contains negligible starch content 
because the starch in the corn gets converted into ethanol in the production plant. The
difference between densities of fiber and nonfiber particles was higher for DDGS than for
corn flour. 
The dsph for fiber and nonfiber corn particles were determined for estimating
terminal velocities (Table 16).  For largest fiber particles, dsph for large, medium and 
small sizes were 968, 925 and 749 µm, respectively.  For nonfiber particles (largest 
within each size fraction), dsph for large, medium and small sizes were 1689, 1235 and 
832 µm, respectively.  Thus, within the same size fraction, the dsph of nonfiber particles 
were higher than dsph of fiber particles.  Similar observation of higher dsph of nonfiber
particles compared to fiber particles has been reported for DDGS (Srinivasan and Singh









   
 
   
  
 
     
  
 












































     
            
   
 
 
   
     
   
 
    
  
  
attributed to the near-spherical shape of nonfiber compared to the flat shape of fiber
particles.







































968 1689 1455 1408
Large 1532 NA 3.15 2.9 4.81 3.8 2.9-3.8
























2.63 2.5 3.08-3.23 2.6 2.5-2.6
Fines 447 NA NA NA NA NA NA 1.6 NA NA NA
*The values in parenthesis represent the standard deviation. NA- Not Applicable.
Experimental terminal velocities of fiber
Minimum terminal velocities for large, medium and small corn size fraction fiber 
particles was found to be 2.9, 2.8, 2.5 and 1.6 m/s, respectively, which resulted in lighter
fraction yields of 5.0, 6,0, 5.7 and 3.7%, respectively (Table 16). The NDF in lighter
fraction at minimum terminal velocities for large, medium, small and fines size fractions 
was found to be 73.0, 65.7, 58.5 and 5.4% respectively. Air classification was ineffective
for the fines size fraction as observed from the low NDF (5.4%) of its lighter fraction.  
The trend of decreasing NDF with decreasing fraction size was observed. A decreasing
trend in minimum terminal velocities of fiber has been reported for DDGS also 







   
   
    
       
       
     
     
     
     
        
       
       
     
     
     
     
     
        
       
       
     
     
     
     
     
        
       
       
     
     
     
     
        
       
     
 
For large size fraction, the air velocities ranged from 2.9 to 6.0 m/s, and NDF in 
lighter fraction varied from 73.0 to 11.5%. For medium and small size fractions, for air 
velocity range from 2.8 to 5.2 m/s and 2.5 to 3.8 m/s, and NDF in lighter fraction ranged 
from 65.7 to 7.3% and 58.5 to 7.2%, respectively (Table 17).
Table 17 %yield, NDF and starch contents for corn fractions.
Material Air Yield% NDF % Total 
Original 8.29 63.33
Large 9.32 61.96
at V1=2.9 2.9 5.03 72.97 8.90
at V2=3.2 3.2 2.00 60.67 15.94
at V3=4.8 4.8 2.87 32.27 34.07




at V1=2.8 2.8 6.00 65.73 17.23
at V2=3.1 3.1 2.77 32.27 37.98
at V3=3.8 3.8 3.93 16.50 51.10
at V4=4.5 4.5 2.27 13.47 51.90




at V1=2.5 2.5 5.68 58.47 20.65
at V2=2.7 2.7 5.03 41.80 29.03
at V3=3.0 3.0 3.53 28.00 40.15
at V4=3.6 3.6 7.25 12.77 53.55




at V1=1.6 1.6 3.70 5.41 70.37
at V2=1.8 1.8 4.60 6.88 69.30
at V3=2.2 2.2 9.89 7.49 67.38

























Experimental terminal velocities of nonfiber and operating air velocities
Figures 14 and 15 show variation in NDF and starch content in lighter fraction 
with respect to air velocity. Nonfiber particles get carried with fiber particles in lighter
fraction material. The velocity at which the NDF content in the lighter fraction drops to 
50% of total lighter fraction weight was considered as minimum terminal velocity of 
nonfiber particles of the respective size fraction. For large size fraction, linear 
interpolation method showed that NDF in lighter fraction dropped to 50% at air velocity
of 3.8 m/s; thus, this velocity is taken as nonfiber minimum terminal velocity (Fig. 14). 
The corresponding starch content was found to be 23%. Similarly, minimum terminal 
velocities for medium and small size fraction, were 2.9 m/s and 2.6 m/sec respectively. 
Starch content carried over (at the onset) ranged from 23 to 28%. 
Different minimum terminal velocities for fiber and nonfibers at different particle
sizes justifies size fractionation before elutriation. If whole corn flour was elutriated for
fiber removal, air velocity needed will be atleast 2.9 m/s, which is minimum terminal 
velocities  of large fiber fraction. At 2.9 m/s, the small sized nonfiber that have minimum 
terminal velocity of 2.6 m/s, will get carried along with fiber, thus decreasing the 
effectiveness of fiber separation.  Singh et al. (2002) carried out elutriation of whole









   
 
Figure 14 %NDF in lighter fraction v/s air velocity, m/s; determination of minimum
terminal velocity for nonfiber particles.








   
 
  
Figure 16 %Starch in lighter fraction v/s air velocity m/s.
Figure 17 Operating velocity regions for effective fiber separation from corn flour
and DDGS 













   
    


























           
           
           
           
  
  
Estimated terminal velocities of fiber and nonfiber
The minimum terminal velocities for corn fiber particles for large, medium and 
small size fractions were also estimated using correlations developed by Becker (1959), 
and found to be 3.15, 3.04 and 2.63 m/s, thus having a variation of 5.3 to 8.6% with  the 
experimentally determined values of 2.9, 2.8 and 2.5 m/s respectively. The estimated 
minimum terminal velocities for large, medium and small nonfiber corn particles was 
found to be in range of 4.81, 4.07 to 4.09 and 3.08 to 3.23 m/s respectively, thus having a
variation of 24.2 to 36.3% with the experimentally determined values. 
Operating air velocities
The operating air velocities for large, medium and small corn size fractions were
2.9 to 3.8, 2.8 to 3.0 and 2.5 to 2.6 m/s, respectively. Srinivasan and Singh (2008b)
reported the operating air velocities for DDGS fractions to be 1.77 to 2.01, 1.46 to 2.01 
and 1.27 to 1.63 m/s, respectively (Fig. 16). The operating air velocities for corn fiber 
separation were found to be higher than for DDGS fiber separation. 





























Large 869 595 1061 1438 1318 1.77 1.77–2.01 2.19 NA 1.77-2.01
Medium 582 400 716 1446 1312 1.46 1.83–2.01 1.63 2.08-2.23 1.46-2.01
Small 389 337 497 1405 1333 1.27 1.27–1.63 1.45 1.56-1.87 1.27-1.63
Fines 295 NA NA NA NA NA NA NA NA NA













    







    
Compared to DDGS, the difference between fiber and nonfiber particle terminal 
velocities was higher for corn.  For example, the difference between fiber and nonfiber
particle terminal velocities for large sized corn fraction was 0.9 m/s, while the maximum 
difference for DDGS was 0.55 m/s.  This signifies better separation and ease of 
operability for corn compared to DDGS.  Higher difference between fiber and nonfiber
particle terminal velocities for corn can be attributed to higher density of nonfiber 
particles in corn (1408 to 1419 kg/m3) compared to DDGS (1312 to 1333 kg/m3). In air 
classification, nonfiber particles do not get carried by air, despite their lower density, 
because of their higher particle size (dsph) that causes them to have higher weight 
compared to fiber particles.  Thus, higher particle density of nonfiber particles (as 
observed for corn) is beneficial because it aids in preferential carry over of fiber particles.
With a decrease in particle size of size fractions, the difference between fiber and 
nonfiber particle terminal velocities decreased, signifying a decrease in operating velocity
range. This narrowing of operating velocity range can be attributed to the change in 
particle shape from flat disc-shaped to spherical from large to fines size fraction. As the
size fraction becomes smaller, even flat shaped particles are similar to near spherical 
particles.  A similar trend of narrowing of terminal velocity range with decrease in 
particle size was observed for DDGS (Srinivasan and Singh, 2008b).
Conclusions
Particle density of corn fiber particles was 1444 to 1458 kg/m3, while that of
nonfiber was 1408 to 1419 kg/m3. Densities of fiber particles were similar for corn flour
and DDGS. Densities of nonfiber particles for corn flour were higher than for DDGS.




   







because it helped in preferential carry over of fiber particles by air. This resulted in a 
higher difference between terminal velocities of fiber and nonfiber particles in corn, 
indicating relative ease of operability for corn compared to DDGS.
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EFFECT OF MOISTURE ON CORN FIBER SEPARATION USING ELUSIEVE 
PROCESS
Introduction
Corn kernels typically contain 9% fiber by weight. Fiber is not digested well by
non-ruminants such as chicken and swine. Also, fiber does not get converted in the dry
grind process where starch is converted to ethanol. Fiber can be separated from ground
corn flour using the Elusieve process, a combination of sieving and elutriation (air 
classification) (Pandya et al 2011; Srinivasan et al 2008).  
Hammer milling of corn results in corn flour, which is sieved and air classified to 
separate fiber. This separation will result in two products: an enhanced starch product and 
a high fiber coproduct. This proprietary process results in value-added animal feed and 
can increase ethanol productivity. Previous studies have shown that fiber separation 
increased starch content in corn flour by 3.0% to 4.8% (Pandya et al, 2011; Srinivasan et 
al, 2008). The body weight gain of chicks (21 d study) was increased, feed conversion 
ratio improved, and diet cost was slightly higher when fed an enhanced corn diet
(Srinivasan and Corzo, 2011). Ethanol productivity can be increased by removing non-
reactive material from the process stream.  
Corn moisture content (MC) may impact the separation quality of fiber and non-




    
   


















properties of the corn pericarp and its adhesion to the endosperm may be influenced by
MC. Separation characteristics in terms of air classification may also be influenced by
MC.  The aim of this study was to understand the impact of MC on fiber separation using
hammer milling and subsequent Elusieve processing. 
The objectives of this study were: i.) to assess the effects of corn moisture on 
compositions of fractions obtained by hammer milling followed by Elusieve process and 
ii.) to assess the effects of corn moisture on compositions of end products of the Elusieve
process.
Materials and methods
Drying of corn kernels
This study compares the fiber and enhanced flour products from corn flour at 
three different moisture treatments, 13.4%, 8.0 % and fully oven-dried. Nearly 90 kg of 
triple cleaned, bagged, yellow dent corn was purchased from a local feed store.  The
initial MC of the corn, determined using a commercial grain moisture meter (GAC 2100, 
Dickey-John Corporation, Minneapolis, MN), was 13.4%. The corn was well mixed and 
randomly divided into three 30 kg subsamples.  Two of the subsamples were dried in an 
oven (Model 300 Mechanical Oven, Lindberg/Blue M, Asheville, NC, USA) at 103° C to 
reach the desired MCs of 8.0% and fully oven-dried (ASABE. 2008. S352.2).  A drying
curve was established to determine the amount of time required to dry one subsample to 
8% MC (Fig. 18).  Three 10 g samples were placed in a drying oven at 103°C and were
periodically weighed to determine drying rate.  This drying rate curve was later used to 
estimate the time required to dry a larger volume of corn to the desired MC.  The oven-













   
  
 
   
   
    
about 49.5 hours.  Subsamples were processed immediately after drying.  All samples 
were stored in airtight containers to prevent rewetting.  
Figure 18 Corn drying curve.
Hammer milling of corn kernels
A gravity-fed hammer mill (Model E-1906, Bliss Industries, Ponca city, OK) was 
used to mill corn kernels. A hopper with slide-gate was mounted on the hammer mill 
inlet. The slide-gate was opened momentarily approximately twice every minute to 
gravity-feed the corn kernels into the crushing chamber. The corn was fractured by
impact and shearing by ganged hammers rotating inside the chamber. The maximum 
particle size of milled corn is governed by the retainer screen through which milled 
material flows out. The corn was milled using a 3.2 mm (8/64”) opening retainer screen 
size, which was found to give a good fiber separation in a previous study conducted by
















Sieving and air classification
Corn flour from each moisture treatment was divided into three batches, B1, B2 
and B3, of 10 kg each. Sieving and air classification were individually performed on each 
batch, the procedure used was similar to that used by Pandya et al (2011). Corn flour
coming out of hammer mill was sieved into four size fractions named as large, medium, 
small and pan, pan being the finest of all fractions (Fig. 18). To select suitable sieve sizes, 
a 100 g sample of corn flour was sieved through a vibratory table top sifter for 15
minutes, which sieved the material into 10 standard size fractions (ANSI/ASAE S319.4). 
These fractions were weighed and grouped to select three different sieve sizes which split
10 fractions into 4 samples of approximately equal weights from large to pan size. Each 
batch of material was sieved using vibratory sifter (model ZS30-S6666, SWECO Vibro-
Energy Separator, Florence, KY) using three sieves, one sieve at a time. The sieves 16M 
(1130 microns), 24M (704 microns) and 35M (447 microns) were considered suitable 
based on sample that was run through table-top sifter. The material was first sieved 
through 24M into coarse and fine fractions. The coarse fraction was further sieved 
through 16M that split the material into large and medium fractions, while the fine 





   
 
   
   






   
Figure 19 Experiment design.
The three largest size fractions, the large, medium and small fractions were air 
classified for air lifting the lighter fraction. Pan size fraction which is the finest of four, 
was not air classified, since this fraction contains low fiber and high starch. Air 
classification is accomplished by blowing the air through an elutriation column. An air 
blower supplies air to the elutriation column, airflow being regulated by a controller 
valve. This airflow controller valve present in the air-flow duct acts as a dampener and 
helps control the yield of lighter fraction. A cyclone separator placed in the air flow path 
separates the lighter and the heavier fractions. The material was gravity fed at an 
approximate flow rate of 500 gm/min. To ensure a good fiber separation, three passes 
were made in the aspirator; heavier fraction was re-fed into the aspiration twice. For each 
moisture treatment, 36 samples were analyzed; a total of 108 samples were analyzed. 
The composition of enhanced corn product and fiber coproduct from Elusieve
processing and original corn were calculated using the compositions of individual 

















   
   
   
 
of large, medium and small size fractions, while the enhanced product will constitute the 
pan size fraction and heavier fractions from air classification.
Sample analyses
Compositions of fractions were obtained by collecting three samples from each of 
the classifications.  The samples were ground to a fine powder using a coffee grinder 
prior to analysis to avoid particle segregation. Analyses of samples were carried out at a
commercial laboratory (Midwest Labs, Omaha, NE).  Neutral detergent fiber (NDF) 
content was determined using the procedure of Van Soest et al. (1991).  Moisture content 




For each moisture treatment, the lighter fractions were found to contain higher 
fiber than the heavier fractions (Table 19). For example, for 13.4% moisture treatment, 
large, medium and small lighter fractions had 54.4, 53.0 and 9.0% NDF, while the 
corresponding heavier fractions had NDF contents of 3.3, 6.7 and 6.1% respectively. 
Heavier fractions had higher starch content than corresponding lighter fractions. These
trends of higher NDF content of lighter fraction and higher starch content of heavier 
fraction have been observed in earlier works also (Pandya et al, 2011; Srinivasan et al, 
2008).  The finest size fraction, pan size, was not aspirated because of low NDF content:






     
     
 
    
    
    
 
    
    
    
     
     
     
     
     
     
      
     
     
      
     
     
       
     
     
       
     
     
      
     
     
      
     
     
      
        
  
  
   
   
  
Table 19 MC, yield% and compositions (%db) of fractions from Elusieve processing
of corn.
Material MC Yield% NDF Starch



























































































































Values are means of three replicates. NDF – neutral detergent fiber; LF – lighter fraction; 
HF – heavier fraction. COV for NDF and starch were <15%. *COVs for NDF and starch 
were < 22%.
There was a trend of decreasing NDF and increasing starch in lighter fraction 
from large to pan size fractions for the 13.4% MC and completely oven-dried  treatments, 
while for 8% MC, the medium size fraction had higher NDF and lower starch than large





















fraction samples had 54.4, 53.0 and 9.0% NDF, while for 8.0% MC the same was 47.3, 
52.0 and 12.7% respectively.  This trend of decreasing NDF and increasing starch in 
lighter fraction from large to pan size fractions has been observed for earlier works also 
(Pandya et al, 2011; Srinivasan et al, 2008).
There was no trend for NDF and starch contents of fractions with respect to
change in MC. For example, NDF content of large sized lighter fraction was 58.8% at 
bone dry condition, which decreased to 47.3% at 8% MC and then increased to 54.4% at 
13.4% mc (Table 19; Figure 20).  Similarly, there was no difference in starch contents of 
large sized heavier fractions (72.1, 72.2 and 72.3%; Table 19).  Medium and small sized 
fractions also did not display any trend in separation with respect to MC.  Even though it
was anticipated that separation would be better at lower moisture content due to 
possibility of better fiber detachment from nonfiber, it was not reflected in the results 
because: 1) perhaps fiber does not detach better at low moisture content, or 2) perhaps 
physical characteristics at lower moisture content are not beneficial for separation even 
though fiber detachment is better.  The exact reason could not be ascertained in this 
study.
Elusieve products
Compared to initial NDF content of 8.1%, NDF content of fiber products was in 
the range of 38.3 to 39.2% (Table 20). Compared to initial starch content of 65.8%, starch 
content of enhanced product was in the range of 69.5 to 71.6%, , which was 3.5 to 5.6%
higher than starch content of original corn flour.  There was no trend in NDF and starch 






    
      
      
       
       
       
        








Table 20 Compositions (%db) of fiber and en flour products from Elusieve processing
of corn flour at 13.4%, 8.0% and fully-oven dried condition. 
Product wt% NDF Starch
Fiber @ 13.4% MC 5.8 38.3 41.2
Fiber @ 8.0% MC 5.5 38.3 39.7
Fiber @ Fully oven-dried 5.2 39.2 42.2
En Flour @ 13.4% MC 94.2 4.9 71.6
En Flour @ 8.0% MC 94.5 4.6 69.5
En Flour @ Fully oven-dried 94.8 5.8 70.4
Fiber- High fiber corn flour product. En Flour- Enhanced corn flour product.
Conclusions
There was no trend for NDF and starch contents of fractions with respect to MC.  
There was no trend in NDF and starch contents of products with respect to MC.  Thus, 
variation in moisture from completely oven-dried condition to bone dry condition did not 
have any influence on the fiber separation from corn flour.












Figure 21 Variation in starch% in lighter fraction for different size fractions.
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ECONOMICS OF FIBER SEPARATION
Introduction
Fiber separation from ground corn results in high starch animal feed, and can 
result in increased ethanol productivity. Elusieve process, a combination of sieving and 
elutriation (air classification), results in two products: enhanced corn flour and fiber
(Figs. 23 and 24). The enhanced corn flour product is the one that is high in starch and 
low in neutral detergent fiber (NDF) ; while fiber product is high in NDF and low in 
starch. The enhanced corn flour product has higher value than regular corn because it 
increases ethanol productivity and has higher nutritional value in poultry and swine feed. 
Fiber separated from corn flour would have lower value than regular corn with readily
available uses as ruminant feed and as combustion fuel.  Fiber would be a more valuable
coproduct when it gets  used as feedstock for production of cellulosic ethanol, corn fiber 
gum, oligosaccharides, phytosterols, and polyols. 
Elusieve process would be integrated into existing dry grind plants and feed mills 
immediately after the hammer milling of corn. Elusieve process uses sifters and
aspirators as primary equipment for separation (Figs. 23 and 24).  Considering that capital
and operating costs are involved in implementation of Elusieve process in existing ethanol
plant or feed mill, and that there would be loss of revenue into lower valued fiber coproduct, 








    
      
  
  
   
evaluated economics of implementing the Elusieve process in the back end of an existing
ethanol plant for fiber separation from distillers dried grains with solubles (DDGS).  To date,
no work has been carried out to assess the economics of Elusieve processing of corn flour.   
The objectives of this study were 1) to study the economics of using the Elusieve
process in an ethanol plant and 2) to estimate the economics of implementing the
Elusieve process in an integrated poultry facility. The study aims to estimate capital 
investment, operating cost, increase in revenues and payback periods. This study is based 
on corn price of $7.00/bu ($250/ton), DDGS price of $230/ton, fiber coproduct price
being same as soybean hull price ($207/ton) and ethanol price of $3.50/gal (Reference


























L – Lighter fraction







































Figure 24 Schematic of Elusieve process.
Material and methods
Elusieve processing in front-end of ethanol plant
Economics was estimated for an existing ethanol plant producing 50 million 
gallon per year (MGY), which would need 523,173 ton/yr of corn and produce DDGS at 
158,820 ton/yr.  In a recent study conducted for separation of fiber from corn flour





   
 
  
       
        
         
   
 
      
   
   
  
    
  
    
     
  
      
   




   
(Table 21). Starch content after fiber separation increased from 72.6 to 75.8%, that is, a
2.7 % increase in starch. 
Table 21 NDF, starch, protein, fat and ash contents of regular and enhanced corn 
flour (dry basis).
Material Wt/yield% NDF Starch Protein Fat Ash
Enhanced corn 93.8 4.9 75.8 8.0 3.9 1.3
Regular Corn 100 7.8 72.6 8.0 3.8 1.3
(Values taken from Pandya et al, 2011 and converted from wet basis to dry basis at 14% 
moisture content of the sample).
Based on moisture content of 14% and starch content of 72.6%, a bushel of corn
(56 lb) would contain  34.56 lb of starch. One lb of starch being equivalent to 1.11 lb of 
glucose, 34.56 lb of starch is equivalent to 38.40 lb of glucose. At 100% ethanol 
conversion efficiency, 1 lb of glucose results in 0.46 lb ethanol. Based on 38.40 lb of 
glucose in 1 bushel of regular corn, 17.62 lb of ethanol will be produced per bushel.
Based on ethanol density of 6.584 lb/gal, 2.68 gal of ethanol will be produced. Thus, 1 
bushel of regular corn results in 2.68 gallons of ethanol.
ased on moisture content of 14% and starch content of 75.8% for enhanced corn,
56 lb of enhanced corn would contain 36.08 lb of starch, which would yield 2.79 gal of 
ethanol. Thus, at a 100% conversion rate, increasing starch loading by 4.4% increases
ethanol output by 0.118 gal, thus increasing ethanol output from an existing ethanol 
facility by 4.4%. Thus, the ethanol production in plant would increase from 50.00 MGY
to 52.20 MGY.
For 52.20 MGY ethanol production, Elusieve system would process 1,735 tpd or 
119 tph of corn when operating for 16 hour/day . Srinivasan et al (2006) estimated 






    
 
    
   
   
   










basis for estimating equipment costs in this study. The cost of sifters was reported to be 
$300,000 (3 units of $100,000 each). Cost of aspirators was reported as $104,000 (4 units 
of $26,000 each). At 119 tph of corn flour being processed, the present Elusieve system is 
about 4 times the size of 29 tph plant. We choose sifters and aspirators that are 4 times 
the capacity reported earlier by Srinivasan et al (2006). The equipment cost was 
estimated as the cost of base case times the ratio of processing rates raised to the power 
0.6, which is also known as the six-tenths power factor rule (Peters and Timmerhaus 
1980).  Thus, the cost of each sifter would be $100,000 x (4)0.6 or $230,000. Total cost of 
3 sifters would be $690,000. The cost of each aspirator would be $60,000. Total cost of 5 
aspirators would be $300,000. Assuming capital expenditure as 3.25 times the equipment 
cost (Peters and Timmerhaus 1980), capital cost of setting up Elusieve plant would be 
$3,217,500 ($3.2 million).
For corn processing rate of 119 tph, each sifter would be operated by 7.5 kW (10 
hp) motor and each aspirator would be operated by a 22.5 kW (30 hp) motor. Energy
costs based on unit cost of $0.07/kWh would be $127,760. Annual labor and maintenance
costs would be $20,000 and $160,875 respectively. The processing cost of a gallon of
ethanol is based on study done by Kwiatkowski et al (2006). Assuming the net processing
cost for production of a gallon of ethanol minus the cost of corn has increased by 30%, 
the net processing cost of ethanol would be $0.72/gal. The processing cost of 1 gallon of
ethanol with the Elusieve process would be $0.75/gal. Total processing cost of 50.00
MGY of ethanol would be $36.00 million, while for Elusieve implemented plant, total 





   
    
    
      
       
    
        
     
            
          








    
 
  






Table 22 Equipment and Associated Costs for implementing Elusieve processing in 
an ethanol plant processing 1,735 tpd of corn 
Type of equipment Sifter Aspirator
Capacity (kg/hr) 40,000 48,000
Units required for normal operation 3 4
Units required for standby purpose 0 1
Total units required 3 5
Purchase cost per unit $ 230,000 $ 60,000
Purchase cost for plant $ 690,000 $ 300,000
Motor rating per unit 7.5 kW (10 hp) 22.5 kW (30 hp)
Power requirement 45 kW (60 hp) 180 kW (241 hp)
Energy cost @ $0.07/kWh $ 25,760/yr $ 102,000/yr
(Values based on cost estimations of Elusieve plant for separating DDGS by Srinivasan 
et al, 2006).
Economic analysis of Elusieve implemented poultry complex
This economic analysis is based on an unpublished broiler nutrition study
conducted by Srinivasan et al. It was found that Elusieve processing increased starch 
content of corn by 7.8% and increased protein contents of DDGS and SBM by 2.3 and 
1.4%, respectively . Elusieve processing decreased NDF content of corn, DDGS and 
SBM by 5.2, 3.4 and 1.4%, respectively. The study found that farms using enhanced 
feeds would shorten broiler growth period from 42 days to 40 days or 41 days, keeping
the target weight of birds constant at 2.556 kg.
This economics study is for a poultry complex with 8 million birds, which is 
based on 400 broiler houses with 20,000 birds per house (house size of 500’ x 40’ and 1 
bird per sq. ft). This work is based on broiler performance values in unpublished work 
by Srinivasan et al: 42 d growth period, bird weight of 2.556 kg with regular feed and 
feed conversion ratio (FCR) of 1.699. Based on 335 d operation of poultry growth (8% 
off-period between cycles), total production of birds would be 63,809,524 birds/yr and 





    





    
  
   
     
 
 
     
    
    
  
        
    
  
  
   
enhanced feed with growth period of 41 days, production would be 65,365,854 birds/yr
and amount of enhanced feed required would be 312,956 ton/yr. For the scenario of
enhanced feed with growth period of 40 days, production would be 67,000,000 birds/yr
and amount of enhanced feed required would be 320,780 ton/yr.
The feed composition would be 65% corn, 8% DDGS, 20% SBM and rest is 
additives, which comes to about $ 274.53 + cost of additives. For this study, we take the 
cost of feed at $ 300/ton. The cost of fiber transportation is estimated as $10/ton. It was 
assumed that the poultry complex operates for 335 days year.
Table 3 shows  wt% of material separated as fiber coproduct. For this study, we
assume 10% of corn, 8% of SBM and 15% of DDGS is separated as lighter fraction 
material consisting of fiber. Overall, we assume 10% lighter fraction material removed 
during elusieving. Therefore, amount of feed to be processed with enhanced feed (41
day) would be about 347,729 tons/yr. Assuming the feed mill operates for 16 hrs/day,
feed processed per hour would be approximately 65 tph or approximately 1,038 tpd.
Table 23 Typical %weight of lighter fraction separation from corn flour, SBM and 
DDGS for feed enhancement.
Material Lighter fraction that would be typically
Corn flour 10
SBM 5 to 8
DDGS 15
For 65 tph plant, the sifters and aspirators would be 2.25 times the base case
capacity. Using the six-tenths power factor rule (Peters and Timmerhaus 1980), with base
cost of $100,000 for 29 tph capacity, the cost of each sifter would be $163,000. Total cost 




    
  
   
  
  
    
    
      
       
    
      
    
            
          






   
     
  
 
   
(2.25)0.6, which would be $42,000. Total cost of 5 aspirators would be $210,000.
Assuming capital expenditure as 3.25 times the total equipment cost, capital cost for
Elusieve system would be $ 2,275,000 (Peters and Timmerhaus 1980).  
Table 24 Equipment and Associated Costs for implementing Elusieve processing in 
an ethanol plant processing 1038 tpd of corn
Type of equipment Sifter Aspirator
Capacity (kg/hr) 25,000 27,000
Units required for normal operation 3 4
Units required for standby purpose 0 1
Total units required 3 5
Purchase cost per unit $163,000 $42,000
Purchase cost for plant 490,000 210,000
Motor rating per unit 8.5 kW (11 hp) 725.2 kW (34 hp)
Power rating 26 kW (35 hp) 57 kW (77 hp)
Energy cost @ $0.07/kWh $16,100/yr $57,640/yr
(Values based on cost estimations of Elusieve plant for separating DDGS by Srinivasan 
et al, 2006).
The feed composition would be 65% corn, 8% DDGS, 20% SBM and rest is 
additives, which comes to about $ 274.53 + cost of additives. For this study, we take the 
cost of feed at $ 300/ton. The cost of fiber transportation is estimated as $10/ton. 
Results and Discussion
For ethanol plant of 50 million gallons/yr capacity, implementation of Elusieve
process for enhancement of corn flour would result in an increase in output by 2.20 
MGY. This increase in output would be due to higher amount of starch loading as a result
of removal of fiber. Total capital investment of the Elusieve plant processing 1735 tpd of 
corn is estimated to be about $3,217,500. The processing cost of ethanol increased from 
$0.72/gal for 50 MGY plant to $0.75/gal for plant using enhanced corn flour that can 






   
 
       
   
      
     
       
   
     
    
     
    
    




    
      
       







Elusieve plant would be about $1.03 million, resulting in a payback period of about 3.11
years.
Table 25 Comparative economics of ethanol plant using regular corn and enhanced 
corn resulting from implementation of Elusieve process.
Regular corn Enhanced corn
Annual ethanol capacity 50,000,000 52,200,000
EtOH revenue ($) 175.00 million 182.70 million
Amount of corn (ton/yr) 523,173 581,303
Cost of corn ($) 130.79 million 145.32 million
DDGS Amount (ton/yr) 158,820 152,127
DDGS revenue ($) 36.53 million 35.00 million
Fiber amount (ton/yr) 0 58,130
Fiber revenue ($/yr) 0 12.03 million
Elusieve capital cost ($) 0 3.22 million
Elusieve Depreciation ($/yr) 0 214,500
Elusieve processing cost ($/yr) 0 1.05 million
Product revenue - Raw material cost (Ethanol 
revenue + DDGS revenue + Fiber revenue - cost 
of corn)
80.74 million 84.45 million
Process cost ($) 36.00 million 37.6 million
Increase in profilts due to Elusieve ($/yr) NA 1.03 million
Payback period (years) NA 3.11
Implementing an Elusieve plant in a poultry complex for producing low-fiber 
enhanced feed can result in broiler growth period of 42 days being reduced to 41 or 40 
days. When broiler growth period is reduced to 41 days, a total number of broilers that 
can be grown increased from 63,809,524 to 65,365,854 birds per year, thus an increase of 
about 1,556,330 birds (Table 6). A reduction in growth period to 40 days resulted in 
additional 3,190,476 birds from the same-sized  poultry complex. The feed consumption 
increased from 305,505 tpy of regular diet to 320,780 tpy of enhanced diet for 40 d 
broilers. Feed processed increased from 305,505 tpy for regular diet to 356,423 tpy for 40 




   
    
  
   
 
    
  




     
        
       
      
          
     
     
     
     
      
           
         
          
         




35,762 tpy respectively. The capital expenditure of setting up elusieve plant will be 
approximately $2.27 million. Additional annual revenue for 41 day broiler and 40 day
broiler will be about  $1.8 million  and $6.4 million respectively . The payback period for
41 day and 40 day broiler facilities was found to be 1.26 and 0.36 years respectively.
Table 26 Comparative economics of a poultry complex using regular feed (42 days), 







Broilers Produced(birds/yr) 63,809,524 65,365,854 67,000,000
Feed Consumed by birds (ton/yr) 305,505 312,956 320,780
Feed Processed in Feed Mill 305,505 347,729 356,423
Fiber Separated (ton/yr) 0 34,773 35,642
Cost of Feed raw material ($/yr) 80.47 million 91.60 million 93.88 million
Depreciation cost ($/yr)^ 0 151,667 151,667
Energy ($/yr) NA 52,000 53,000
Manpower ($/yr) NA 14,600 14,600
Maintenance ($/yr) NA 111,150 111,150
Fiber transportation ($/yr) NA 347,729 356,423
Broiler Revenue ($/yr) 262.5 million 268.3 million 275.0 million
Increase in Revenue ($/yr) NA 5.73 million 12.44 million
Increase in feed cost ($/yr) NA 3.92 million 6.03 million
Additional revenue per Complex NA 1.80 million 6.41 million
Payback period (years) NA 1.16 0.34
Enhanced feeds are prepared by separating fiber using Elusieve process.
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